ABSTRACT One of the most important factors for the success of a mass trapping strategy to control a fruit ßy involves the selection of an effective trapÐlure combination. Because different species of fruit ßies respond differently to the physical characteristics of a trap and to bait volatiles, the evaluation of commercial traps and lures that have proved useful against other tephtrids is necessary to determine their efÞcacy for mass trapping of Anastrepha ludens (Loew) (Diptera: Tephritidae). Under caged conditions, a commercial hemispherical trap with lateral holes (Maxitrap Plus) proved more attractive to A. ludens (both sexes) than Þve other commercial traps that were all baited with hydrolyzed protein. Among these traps, bottom invaginated traps and traps with invaginated lateral holes constructed with transparent cylinders had the best physical retention properties. When evaluated under Þeld conditions, the lure was critical for the efÞcacy of the trap, and one of the traps that performed poorly in attraction and retention cage tests (MS2) resulted as one of the most effective traps when baited with CeraTrap lure. Considering the use of different trap models under Þeld conditions, CeraTrap liquid bait was more effective in A. ludens capture than Biolure dry synthetic bait, but both lures were not replaced during the entire course of the experiment. The percentage of captured females was also slightly higher using CeraTrap lure (67.2%) than using Biolure baits (54.5Ð58.8%). In Þeld tests, 75Ð 81% of females were mated and no signiÞcant differences were observed among trapÐlure combinations. Trap selectivity against nontarget adult lacewings also differed among trapÐlure combinations.
(Diptera: Tephritidae), is a major pest of commercial fruit in Central America and Mexico (Enkerlin et al. 1989) . This species causes losses in citrus and mango that can represent up to 30% of the commercial value of the crop (Aluja 1993) . This ßy has a wide host range, a feature that favors pest outbreaks and renders it difÞcult to control owing to the abundance of alternative or reservoir hosts in the proximity of commercial orchards. Moreover, owing to global climate change, this species could potentially expand its range to currently temperate areas (Birke et al. 2013) .
Mass trapping has proved to be effective in suppression of the Mediterranean fruit ßy, Ceratitis capitata (Wiedemann), and has the advantage of reduced environmental impact when compared with toxic bait sprays (Navarro-Llopis et al. 2008 , Martṍnez-Ferrer et al. 2010 . The use of traps around the perimeter of orchards has also been effective in preventing fruit ßy intrusions in medium or large orchards (Cohen and Yuval 2000) , and recent studies on mass trapping with MS2 bait stations against A. ludens in Mexico have also yielded promising results (De los Santos Ramos et al. 2011 Ramos et al. , 2012 .
The key objective of mass trapping is to capture the maximum number of insects before they reproduce or cause damage to crops (El Sayed et al. 2006) . Effective trapping requires the use of lures that are able to attract fruit ßies more effectively than natural food sources. Consequently, traps need to be visually attractive and capable of capturing and retaining ßies long enough to deliver a lethal dose of toxicant or otherwise prevent their escape, e.g., by drowning or starvation. Evaluations of fruit ßy trap designs have focused on the inßuence of color, size, and shape on efÞciency (Cytrynowicz et al. 1982 , Economopoulos 1989 , Sivinski 1990 , Robacker 1992 , Ló pez Guillé n et al. 2009 ). However, other speciÞc features related to the accessibility of the trap entrance and retention of captured ßies have attracted less attention, despite the role played by these features in trap efÞcacy. The ability of a trap to retain ßies is likely to be inßuenced by the bait and the retention system used. Wet traps use a liquid bait to retain ßies that drown inside the trap, whereas dry traps retain ßies using adherents (Robacker and Rodriguez 2004) or chemical insecticides , Alemany et al. 2005 , Navarro-Llopis et al. 2008 , Martṍnez-Ferrer et al. 2010 . As such, the overall efÞcacy of the trap involves a complex interaction between trap design, lure combination, and retention method Czokajlo 2005, Dṍaz-Fleischer et al. 2009 ). The aim of this study was to examine, under laboratory and Þeld conditions, the efÞcacy of different new commercial trap designs and food odors in capturing A. ludens, to select a suitable trap and lure combination for development of efÞcient mass trapping programs in citrus orchards. For this, the attraction and physical retention characteristics of commercial traps were evaluated in the laboratory and a selection of trapÐlure combinations were then tested under Þeld conditions to examine efÞciency and selectivity. The results of these studies contribute to increase the knowledge on efÞcacy of different trapÐlure combinations for future improvements in the development of mass trapping strategies targeted at this pest.
Materials and Methods

Traps and Lures.
Six different commercial fruit ßy trap designs (Fig. 1) were evaluated: 1) McPhail-like trap IPS 235 (Great Lakes IPM, Inc., Vestaburg, MI), which is an invaginated plastic trap with two components; 2) MS2 trap (Proveedora Fitosanitaria Company S.A. de C.V.), which is a two-component plastic bottle comprising a yellow base covered by a transparent lid perforated with three small (10 mm) holes distributed 5 cm apart; 3) Maxitrap UV (Probodelt, Amposta, Spain), which is a yellow cylindrical ßy trap with a funnel base and three lateral holes through which transparent cylindrical tubes are passed that are designed to decrease the frequency of ßy escape once inside the trap; 4) Maxitrap Plus (Probodelt), which comprises an orange hemispherical base with a transparent plastic top. Four holes with opaque lateral access tubes are located around the base of the trap; 5) Conetrap (Probodelt) is a yellow folding conical base trap, without a funnel, and with four holes with opaque side tubes distributed around the base. At the time of the experiment, this trap model was a noncommercial prototype provided by the supplier for testing against Anastrepha spp.; and 6) Dome ßy trap (Agrisense BCS Ltd., Pontypridd, United Kingdom), which is a bell-shaped invaginated two-component McPhail-like plastic trap designed for a variety of fruit ßy species.
The McPhail-like traps IPS 235 and Dome Trap, both bottom invaginated traps, were selected as the reference traps because these types of trap have been widely used against Anastrepha in many countries (Anonymous 1999 , Thomas et al. 2001 . The other traps were selected based on differences in their shape, size, design of entry holes, and cost when compared with McPhail-like traps. The MS2 trap was evaluated because of its low cost; this trap is commercially supplied with CeraTrap liquid lure (Bioibé rica, Barcelona, Spain). Maxitrap Plus, Maxitrap UV, and Conetrap are low-cost traps that are used with dry lures and that have proved successful in trapping other fruit ßy species, such as Cerratitis capitata.
Two different food odor lures, CeraTrap (Bioibé rica, Barcelona, Spain) and Biolure (Suterra Inc., Bend, OR), were evaluated and compared with liquid hydrolyzed protein lure commonly used to monitor Anastrepha species in Mexico. Liquid hydrolyzed protein bait was prepared using 10 ml of hydrolyzed Captor 300 protein (Promotora Agropecuaria Universal, Mexico City), 5 g of borax (J.T. Baker, Mexico City), and 235 ml of water. CeraTrap is a liquid bait lure consisting of enzymatic hydrolyzed proteins that release a series of volatile compounds, mostly amines and organic acids. Biolure is a dry lure containing ammonium acetate and putrescine. The baits were purchased in separate sachets with adhesive on the back for attachment to the inside of the trap. Volatilization of lures begins after the protective cover is removed from the sachet.
Influence of Trap Design on the Physical Retention of Flies. The intrinsic physical retention capacity of the different traps was evaluated under laboratory conditions. Laboratory-reared A. ludens were obtained from a colony maintained at the Instituto de Ecologṍa A.C., Xalapa, Mexico. Adult ßies had access to hydrolyzed yeast, sugar, and water ad libitum. Flies were selected for experiments at 4 d posteclosion and starved overnight to increase their activity when released inside the trap. Experiments were performed under laboratory conditions at 27 Ϯ 1ЊC and 55 Ϯ 10% relative humidity (RH). A single trap was placed inside a 30-by 30-by 30-cm rearing cages, that is, 20 replicates for each trap type, with a distance of at least 12 cm from the base of the cage to the base of each trap. A group of 12 laboratory ßies (6 male and 6 female) were released inside each trap using an entomological aspirator and were observed for a period of 30 min. The number of ßies that managed to escape from the trap in 30 min were counted and classiÞed by sex. All traps were evaluated in the absence of an attractant and without insecticide or other retention system. All traps were evaluated simultaneously for a total number of 20 replicates.
Influence of Trap Design on Attraction and Final Capture. The inßuence of trap design on attraction and capture was also evaluated with 4-d-old laboratory-reared ßies as described above. Thirty ßies (15 female and 15 male) were released in a Þeld cage (1.80 by 0.95 by 0.95 m) that contained four 1.2-m-high grapefruit plants (Rio Red variety) in pots placed in the corners of the cage. The experiment was performed under a photoperiod of 12:12 (L:D) h, 27 Ϯ 1.5ЊC, and 55 Ϯ 10% RH. Five minutes after ßies were released, the six traps were placed in the cage at six different positions. All traps were previously baited with 100 ml of hydrolyzed protein. This liquid was the only retention method used. In the case of the dry conical trap, a plastic container was used to hold the liquid bait. Initial trap positions were determined randomly and traps were subsequently rotated clockwise by one position for each of 12 repetitions, such that each trap was placed twice in the same position over the course of the experiment. The total number of captured ßies, males and females, living and dead, was recorded after 24 h. For each replicate, ßies that were not trapped were captured and discarded. For wet traps, the retention system was based on the liquid lure. For all dry traps, the retention method consisted of deltamethrin applied to the inside of the trap lid. For this, lids were impregnated with 250 l of an aqueous solution of deltamethrin (2.5% Deltamethrin EC, Agroquṍmica Tridente, Mexico City) containing 0.05% vol:vol active ingredient (A.I.) evenly applied to the lid interior using a small paintbrush. A second deltamethrin treatment was applied after the Þrst one had dried.
Efficacy of Commercial Traps and Lures
Traps were placed one to a tree, at 3Ð 4 m height above the ground, in the southwestern sector of the tree canopy, with a distance of 25Ð30 m between adjacent traps. The distribution of traps in each block was randomized. Traps were monitored every 7 d and captured insects were collected and placed in vials containing 70% (vol:vol) denatured ethanol. The position of traps was rotated clockwise one position during each week of the 6-wk evaluation. Captured insects were counted in the laboratory and identiÞed to species and sex. In cases where "ßy bodies" had decomposed, the number of remaining wings was counted to estimate the total number of ßies per trap. To evaluate the selectivity of traps, the number of adult lacewings (Chrysoperla spp., Neuroptera: Chrysopidae) captured in each trap was also recorded. For analyses, the capture results were calculated as ßies per trap per day (FTD) or lacewings per trap per day (LTD). Percentage of females was assessed in reference to the total number of ßies sexed and for traps with at least one female captured.
Female Reproductive Status of Trapped Flies. The mating status of A. ludens females was determined by dissecting a subsample of 10 females per trap from each sampling event. Females captured in the Conetrap and Dome trap were not dissected because of the small catches with these traps. For the other four trap types, females were dissected and the development of eggs within the ovaries and the presence or absence of spermatozoa within the spermathecae were checked. Females with spermathecae containing at least one spermatozoid were classiÞed as mated. The maturation of ovarioles was also recorded in mated females (Servin and Jimenez-Jimenez 1995) . In total, 1,200 females were dissected.
Statistical Analyses. The percentages of total ßies (both sexes) retained inside the trap in the Þrst 30 min were normalized by arcsine root square transformation and subjected to one-way analysis of variance (ANOVA). Flies trapped in each replicate of cage experiments were ͌(x ϩ 0.5) transformed to stabilize variance and subjected to one-way ANOVA. Means separation was achieved by FisherÕs least signiÞcant difference (LSD) on the transformed data.
For Þeld trials, FTD values were rank transformed and subjected to one-way ANOVA. Total LTD values were ͌(x ϩ 0.5) transformed to stabilize variance and subjected to one-way ANOVA. Percentages of females captured per trap session, percentage of fertilized females, and percentage of females with mature ovaries were normally distributed and were subjected to oneway ANOVA. In all cases, means separation was conducted using FisherÕs LSD, and the null hypothesis being tested was that trapÐlure combinations did not differ signiÞcantly from one another. All analyses were performed using SPSS v.19 (SPSS Inc., Chicago, IL).
Results
Influence of Trap Design on the Physical Retention
Capacity. Trap design markedly affected the physical retention of ßies (Fig. 2) . The total number of ßies retained inside traps during 30 min varied from 45.4 to 77.5% and differed signiÞcantly among traps (F ϭ 15.76; df ϭ 5,114; P Ͻ 0.001). McPhail-like traps performed best in this respect with the retention of Ͼ75% of ßies during this period. Lower retention values were observed in traps with lateral holes in comparison with invaginated McPhail-like traps, with the exception of the Maxitrap UV trap. Traps with lateral holes, such as the MS2 and Conetrap, did not show high retention rates, with Ͼ50% of ßies managing to escape during the 30-min observational period.
Influence of Trap Design on the Attraction and Capture of Fruit Flies Under Field Cage Conditions.
Between 70 and 75% of the released laboratory-reared ßies were recaptured 24 h after their release in each replicate. Trap design, mainly determined by size, shape, and lateral holes, signiÞcantly inßuenced capture of ßies (both sexes) under caged laboratory conditions (F ϭ 14.22; df ϭ 5,66; P Ͻ 0.001; Fig. 3 ). The hemispherical Maxitrap Plus was signiÞcantly more attractive than any other trap tested, followed by Maxitrap UV. In contrast, Dome trap, Conetrap, and MS2 were the least attractive traps whereas the McPhail-like trap was of intermediate attractiveness (Fig. 3) .
Efficacy of Commercial Traps and Lure Combinations Under Field Conditions. As a range of traps were tested, and each trap type was designed to be used with a particular type of lure, it was not possible to analyze main effects of trap or lure, or their interaction. Instead, each treatment comprised a particular trapÐlure combination. In total, 15,227 fruit ßies were collected in traps over the 6-wk experiment. The Þrst 3 wk of trapping resulted in 11,950 ßies captured (78.4% of the total capture) in comparison with the Þnal 3 wk of the trial (3,277 ßies captured, 21.6% of the total capture). Most captured fruit ßies (97.7%) were A. ludens whereas small numbers of Anastrepha obliqua (Macquart) (156 ßies), Anastrepha serpentina (Wiedemann) (184 ßies), and Anastrepha striata (Schiner) (2 ßies) were also captured. In total, 556 ßies (3.6%) had decomposed, mainly those caught in Biolure baited traps; these individuals were counted by the presence of their wings and their sex could not be determined.
Total ßy captures differed signiÞcantly among various trapsÐlures combinations (F ϭ 6.86; df ϭ 1,174; P Ͻ 0.001). MS2-CeraTrap and McPhail-like trap with hydrolyzed protein were the trapÐlure combinations with the highest levels of captures (Table 1) . Maxitrap Plus trap baited with Biolure resulted in the third highest rate of captures. The dry traps baited with the synthetic lure (Biolure) tended to be less effective in catching ßies than traps baited with liquid lures. This was particularly evident for the Dome trap ϩ Biolure combination (Table 1) . The percentage of females caught by some traps was borderline signiÞcant (F ϭ 2.216; df ϭ 5,170; P ϭ 0.055). MS2 ϩ CeraTrap tended to catch more females than the other trapÐlure combinations and was statistically similar to that caught in the McPhail-like trap ϩ hydrolyzed protein and Maxitrap Plus ϩ Biolure treatments (Table 1 ). The percentages of fertilized females captured did not differ signiÞcantly among trapÐlure combinations (F ϭ 0.444; df ϭ 3,111; P ϭ 0.722) or in terms of ovarian development (F ϭ 0.233; df ϭ 3,111; P ϭ 0.873).
Trap selectivity measured in captures of lacewings (Crysopidae: Neuroptera) differed signiÞcantly among trapÐlure combinations (F ϭ 7.45; df ϭ 5,174; P Ͻ 0.001; Table 1 ). The MS2-CeraTrap and McPhail-like ϩ hydrolyzed protein combinations were the most selective devices in avoiding the capture of this natural enemy. In contrast, traps baited with Biolure trapped a signiÞcantly higher number of lacewings than liquid baited traps. Of these, the Conetrap, with four access holes of 17 mm, trapped the highest number of adult lacewings with a mean (ϮSE) of 1.23 Ϯ 0.15 LTD.
Discussion
In addition to trap design, the efÞcacy of fruit ßy traps is inßuenced by a diversity of external factors, particularly the position of the trap in the tree canopy (Hooper and Drew 1979, Robacker et al. 1990 ), the host fruit species and the surrounding habitat (Aluja et al. 1996) , the host phenology (Robacker 1992) , thermal and water stress (Robacker 2006) , and climatic conditions (Cunningham et al. 1978 , Gazit et al. 1998 , among others. However, intrinsic trap features that promote attraction, capture, and retention of ßies including shape, size, color and the type, diameter, and location of access holes, as well as the type of lure, also seem to be major factors affecting trap efÞcacy.
When using traps baited with hydrolyzed protein under laboratory cage conditions, Maxitrap Plus and Maxitrap UV were signiÞcantly superior in the capture of A. ludens than other traps. Spherical shapes, such as the Maxitrap Plus, mimic the shape of host fruits and have been reported to be attractive for Anastrepha spp. and other tephritids (Cytrynowicz et al. 1982 , Sivinski 1990 , Ló pez Guillé n et al. 2009 ). Shape discrimination varies with the size of an object (Riedl and Hislop 1985) , and Anastrepha spp. tend to be more attracted to large spheres than to small spheres (Sivinski 1990 , Robacker 1992 , Lopé z Guillé n et al. 2009 ). The cylindrical shape of the Maxitrap UV has also proven effective for monitoring of Anastrepha spp. (Robacker 1992 , Robacker and Rodriguez 2004 , and is currently the most widely used shape of commercial traps used against C. capitata in the Mediterranean region (Navarro-Llopis et al. 2008) . Besides its shape, size, and color, the efÞcacy of Maxitrap Plus and Maxitrap UV traps in cage conditions seems also to be related to the presence of lateral holes in these traps. A reduced number of holes may also increase the retention time of traps and thereby increase the probability that trapped ßies receive a lethal dose of toxicant . Our results suggest that the shape and placement of entry holes seem to be more important in ßy retention than the diameter of the hole. Consequently, fewer ßies were retained inside the MS2 trap that has three lateral holes of 10 mm diameter, than in the Maxitrap Plus that has four lateral holes of 17 mm diameter with lateral opaque cylindrical tubes. Moreover, both traps retained fewer ßies than the Maxitrap UV trap that has three lateral holes of 20 mm diameter, but with lateral transparent cylindrical tubes. Under Þeld conditions, high variation was observed in the response of A. ludens to the trapÐlures combinations that we tested. The MS2 ϩ CeraTrap combination, performed well from the standpoint of total captures, capture of females, and selectivity against lacewings although this trap did not differ signiÞcantly in these respects with the McPhail-like ϩ hydrolyzed protein trap. Considering the low capture of MS2 trap when baited with hydrolyzed protein under cage conditions, the results of the Þeld trial suggest that the high attraction of the MS2 ϩ CeraTrap combination is likely owing to the presence of the CeraTrap lure. Lure attraction is critical because initial attraction to the presence of a trap in tree is likely odor-mediated, whereas over short distances, when the ßy has landed on a tree, host fruits or traps are probably located through visual cues (Prokopy 1968 (Prokopy , 1972 .
Among the Biolure baited traps, the orange hemispherical Maxitrap Plus, was as attractive as the McPhail-like ϩ hydrolyzed protein trap. Indeed, synthetic lures, based on ammonium acetate ϩ putrescine, combined with water or propylene glycol as a retention method can be better or similar to liquid baits in capturing Mexican fruit ßies (Thomas et al. 2001 , Thomas 2008 . However, other authors indicate that more A. ludens were captured in McPhail traps baited with liquid torula yeast than with dry lures or Biolure (Heath et al. 1995, Conway and Forrester 2007) . Future studies should evaluate the performance of Maxitrap Plus trap ϩ CeraTrap lure as a good options.
To improve the efÞcacy of mass trapping strategies against A. ludens, longer lasting dispensers covering the entire growing season and cheaper devices are required. Although the Mediterranean fruit ßy female-biased attractant Biolure can be active during at least 6 Ð 8 wk, and its cost has fallen over the past few years, it is still expensive for use in mass trapping in Mexico. Consequently, one of the main advantages of CeraTrap lure in comparison with other liquid lures is its low cost in relation combined with its stability and durability. Attraction was maintained during the 6-wk experiment and only about half of the CeraTrap liquid lure evaporated during the trial. It was therefore not necessary to service traps. Moreover, owing to the liquid nature of the CeraTrap lure, traps do not require an additional ßy retention system (chemical or adherent), making the mass trapping strategy safer and easier to implement than systems involving synthetic insecticides.
With the exception of the Maxtrap UV ϩ Biolure combination, traps captured more females than males, a pattern that has been reported previously for these lures (Houston 1981 , Aluja et al. 1989 , Piñ ero et al. 2002 , Conway and Forrester 2007 , Martṍnez et al. 2007 ). The capture of unmated females is desirable for mass trapping programs but most females (75Ð 81%) found in traps were mated. Similarly, high rates of mature C. capitata were captured with dry lures (Bakri et al. 1998, Cohen and Yuval 2000) and A. ludens (Thomas et al. 2001 ). In contrast, Heath et al. (1995) reported a high prevalence of mated C. capitata females in McPhail traps baited with liquid lures, but more unmated females in traps containing Biolure dry lures. Female ßies tend to be more active in searching for proteinaceous sources because protein is critical for egg maturation (Hendrichs et al. 1991) . Moreover, mated females are more likely to be attracted to traps that mimic shape, size, and color of natural fruits when searching for mates and oviposition sites , Economopoulos 1989 .
Several characteristics should be considered when selecting traps for future mass trapping programs against A. ludens. The efÞcacy, stability, durability, and cost of CeraTrap lure seem to make it suitable for mass trapping A. ludens in Mexico. The use of this lure in future studies focused on the optimization of mass trapping strategies should build on the results of the current study and involve systematic comparisons of dry baited and wet baited traps to identify trapÐlure combinations that provide effective and sustained control of A. ludens in Mexico at a commercially viable cost.
